The permeabilities and dispersivities of geologic media are known to vary with the scale of observation.
Introduction and Background
Longitudinal dispersivities a deduced by means of deterministic Fickian theories from laboratory and field tracer studies in a variety of porous and fractured media, under varied flow and transport regimes, appear to increase without limit as the scale of the study increases. To explain this scale effect, Neuman [1990, Fig. 11 considered 131 dispersivity data obtained from deterministic Fickian models which do not account explicitly for spatial variations in permeability. Such deterministic models are consistent with stochastic models which consider log permeability to be a random, statistically homogeneous field. Upon interpreti.ng the scale of the tracer studies as the mean travel distance set), Neuman found by linear regression that, f~~a range of scales from 10 em to 3.5 SO, a "" 0.017 s with a coefficient of determination R "' " 0.75 and remarkably narrow confidence intervals. He then noted that consistency with stochastic transport theories implies that the regression model must be associat~d with a l?g permeability field which possesses neither a finIte correlation scale nor a finite variance. Instead, the corresponding log permeability field must posses~ a power-law semivariogram .., (s) = c s2 W where c IS a Copyright 1994 by the American Geophysical Union.
Paper number 94GL00308 0094-8S34I94I94GL-00308$03.00 constant and w is a Hurst coefficient. This in turn implies that the random log permeability field is self affme with statistically homogeneous spatial increments and a fractal dimension D == E + 1 • w where E is the topological dimension of relevance.
In log permeability fields which do not possess a fmite correlation scale, dispersion is inherently anomalous (non-Fickian) and the traditional notion of local dispersivity does not apply. Instead. dispersion in such fields is described by integro-differential equations that involve nonlocal parameters [Nellman, 1993aJ . This explains why a is an apparent dispersivity; rather than representing local material properties, it is merely an artifact resulting from the common practice of applying Fickian models to media in which transport is generally non-Fickian. Any spatial variations in k which are not accounted for explicitly by the Fick:ian model are absorbed into a [ibid] . Hence if the apparent correlation scale and variance of log permeabilities increase without limit, the apparent dispersivity likewise increases without bounds.
The regression model yields a Hurst coefficient", ... 0.25 which leads to the generalized scaling relation Y(8) -e{a (1) This simple relation explains 75% of the observed variation of a about its mean. As w < 0.5, the semivariogram (1) represents a log permeability field with negatively correlated (antipersistent) spatial increments and a fractal dimension D'" E + 0.75. The fact that it is supported by apparent dispersivities from both porous and fractured media was taken by Newltan [1990] to imply that one can often analyze flow and transport in fractured rocks by treating them as multisca1e porous continua.
Neuma1l [1990, 1991, 1993b] recognized that the permeabilities of real geologic media scale locally in a much more complex manner than is implied by the above model At . locale, such media may be viewed more realisti as a nested sequence of more or less distinct hydrogeologic units associated with a discrete hierarchy of scales. When the semivariograms of such discrete units are superimposed, one obtains a function that increases with the distance s in a stepwise rather than a gradual fashion. Each step in such an echelon represents a "natural correlation scale" at which log permeability is statistically homogeneous or nearly so; other scales are locally either inactive or suppressed. As hydrogeologic conditions vary from one setting to another, so do the dominant natural scales, giving rise to an infinite variety of possible echelon-type semivariograms. It is only when One juxtaposes data 349 31122 350 NEUMAN: GENERALIZED SCALING OF PERMEABILITES from a sufficiently large number of different hydrogeologic settings that a sufficiently broad spectrum of scales come into play to reveal the underlying commonality of these semivariograms, in the form of a generalized power law.
Though permeabilities at each site are unique, their spatial correlation is viewed by Neuman [1990 Neuman [ , 1991 Neuman [ , 1993b 
Validation of Generalized Scaling Rule
To validate directly that log permeabilities do not in fact possess a finite correlation scale, we consider hydraulic conductivity and transmissivity data from a number of different sites recently summarized by Gelhat [1993, Table 6 Table 6 .1]).
To answer this, we first note that adjusting c so as to obtain an optimum visual fit between 7 (s) = c ½s and the hydraulic conductivity data (squares and triangles) yields the broken line in Fig. 2 
]). Predictions correspond to q, (s)
field would be statistically homogeneous. It implies [Neuman, 1990] that statistical homogeneity of log permeabilities is at best a local phenomenon occurring intermittently over narrow bands of the scale spectrum. Hence one must question the utility of routinely associating geologic medium properties with representative elementary volumes (REV's) as has been the custom for several decades. Indeed, it was found by Brace [1980, 1984] that the permeabilities of sedimentary and crystalline rocks tend to grow with the characteristic scale of their measurement. This is reinforced by a more recent compilation of crystalline rock permcabi!ities by Clauser [1992] . According to him, a plot of these data (Fig. 3) sample is too small to indicate a trend; some of the data correspond to near two-dimensional flow regimes; and some of the data are derived from calibrated numerical models which account explicitly for medium heterogeneity and thus filter out large-scale, low-frequency variations from the hierarchy.
